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INTRODUCTION 


SEADYN/DSSM  is  a  general-purpose  mooring  model  capable  of  simula¬ 
ting  the  responses  of  complex,  arbitrarily  configured  systems  (Ref  1). 
This  model  was  developed  at  the  Naval  Civil  Engineering  Laboratory 
(NCEL) ,  under  sponsorship  of  the  Naval  Facilities  Engineering  Command 
(NAVFAC) ,  Work  Unit  YF60.534. 091 .01 .A353.  Essentially,  it  is  an  inte¬ 
grated  collection  of  mathematical  models.  These  models  include  cable 
responses,  vessel  motion,  vessel  wind  loads,  vessel  current  loads, 
vessel  drift  loads,  and  system  equations  of  motion.  Each  of  these 
models  has  an  accuracy  and  applicability  determined  by  various  assump¬ 
tions  and  simplifications  (Ref  2),  such  as  linearity,  stationarity,  and 
decoupling.  While  each  model  can  be  individually  validated,  the  validity 
of  the  assembled  models  cannot  be  established  until  computed  results  are 
compared  to  reliable  measurements  of  actual  system  behavior. 

SEADYN/DSSM  has  an  inherent  weakness  shared  with  most  simulation 
models  many  problem  inputs  cannot  be  accurately  specified  because  of 
the  lack  of  reliable  information.  Examples  include  vessel  drag  force 
and  yaw  moment  coefficients  associated  with  wind,  current,  and  wave 
groups  (drift  forces).  Errors  and  simplifications  in  the  calculation 
procedure  as  well  as  errors  in  the  environmental  measurements  cause 

between  the  simulated  and  measured  responses,  even  if  the 
computer  model  is  correct.  Care  must  be  taken  in  any  validation  to 
differentiate  between  measurement  errors  and  incorrect  model  behavior. 

Accordingly,  a  Mooring  Validation  Experiment  (MVE) ,  sponsored  by 
NAVFAC,  was  conducted  to  provide  reliable  measurements  of  the  total 
mooring  system  behavior  and  environmental  conditions.  These  data  were 
then  used  to  validate  specific  parts  of  SEADYN/DSSM  (vessel  loads, 
static  offset,  vessel  dynamics,  etc.)  and  to  simulate  the  assembled 
system  response  (e.g.,  equilibrium  position,  dynamic  line  tensions). 

The  various  tests  and  their  objectives  are  listed  in  Table  1. 

The  purpose  of  this  report  is  to  describe  the  mooring  configura¬ 
tions  and  test  measurements.  Some  data  reductions,  such  as  autospectra 
and  probability  density  functions,  are  also  included  to  supplement  the 
data  and  demonstrate  its  quality.  Interpretation  of  this  basic  infor¬ 
mation  will  be  included  in  a  followup  report  of  the  SEADYN/DSSM 
validation  results. 


TEST  VESSEL 

The  test  vessel  was  NAVFAC' s  offshore  construction  platform  (OCP) 
SEACON,  a  converted  YFNB  barge.  The  dimensions  of  the  SEACON  are  as 
follows : 
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Overall  Length .  260  ft 

Moulded  Beam . 48  ft 

Displacement 

Light . 831  ldt 

Fully  Loaded .  2,780  ldt 

For  MVE  Tests .  2,340  ldt 

Draft 

Light . 3  ft  6  in 

Fully  Loaded  .  . . 9  ft  6  in 

For  MVE  Tests . 8  ft  6  in 

Hull  Depth . 15  ft  1  in 

Superstructure  Height  Above  Main  Deck  ...  30  ft 

Longitudinal  Center  of  Buoyancy 

From  Forward  Perpendicular  .  129.1  ft 

From  Midship . 0.9  ft 

Longitudinal  Center  of  Flotation 

From  Forward  Perpendicular  .  135.8  ft 

From  Midship . -5.8  ft 

Vertical  Center  of  Buoyancy 

Above  Midship . 4.4  ft 

Transverse  Moment  Above  Baseline  .  28.5  ft 

Wind  Areas  for  Test  Draft  „ 

Head  Wind  Area . 1,512  ft 

Beam  Wind  Area  ~ 

Hull .  1,690  ft^ 

Superstructure  .  2,250  ft 

Natural  Roll  Period . 6  s 

Figure  1  presents  specific  information  on  this  vessel. 

The  SEACON  was  chosen  for  two  reasons.  First,  measurements  of  its 
seakeeping  characteristics  would  be  directly  usable  by  its  operators  in 
future  projects.  Second,  the  SEACON  has  two  features  that  were  used  to 
full  advantage  in  this  test:  cycloidal  propulsion,  which  allowed  for 
thrust  in  all  directions  (this  was  used  in  the  static  watchcircle  test) ; 
and  a  self-contained  four-point  mooring  capability,  which  minimized 
mooring  installation  and  recovery  costs. 
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TEST  SITES 


The  primary  test  site  was  3  km  east  of  Duck,  North  Carolina,  in 
55  feet  of  water.  Figure  2  shows  this  site  (taken  from  Ref  3),  which 
was  chosen  because  of  the  environmental  support  available  from  the  Field 
Research  Facility  (FRF),  which  is  supported  by  the  U.S.  Army  Corps  of 
Engineers  Waterways  Experiment  Station.  This  offshore  site  allowed  for 
true  open-ocean  environmental  excitation,  with  some  wave  shoaling  effects 
due  to  the  shallow  (55-foot)  water  depth. 

The  wind  and  current  loads  test  was  conducted  at  a  second  test  site 
within  Chesapeake  Bay  at  Whiskey  Anchorage,  shown  in  Figure  3  (taken 
from  Ref  4).  This  site  was  chosen  because  it  offered  a  sheltered  site 
(no  waves)  with  moderate  (1-knot)  currents.  Thus,  mooring  loads  at  this 
site  were  due  to  steady  wind  and  current  loads  only. 


INSTRUMENTATION 

Data  were  collected  in  a  variety  of  locations  including  onboard  the 
SEACON,  in  the  water  column,  and  onshore  at  the  FRF.  These  sites  are 
individually  described  below. 

A  small  minicomputer  (DEC  11/03)  was  used  to  control  the  data 
acquisition  process  and  store  data  onboard  the  SEACON.  This  computer 
collected  the  following  information  every  half  second:  cable  tension, 
vertical  angle,  and  compass  heading  for  all  four  lines;  vessel  accelera¬ 
tions,  displacements,  and  rotations;  wind  speed  and  direction;  and  wave 
amplitudes  and  direction.  Filtering  was  not  used. 

The  vessel  motions  were  measured  by  an  unstabilized,  five-degree- 
of-freedom  (no  yaw)  motion  sensing  package  from  Systron-Donner,  Inc., 
Concord,  CA.  This  package  was  located  at  midship,  centered  on  the  deck. 
No  significant  contamination  of  the  measurements  is  expected  because  the 
package  placement  was  near  the  vessel  center  of  rotation  (which  elimin¬ 
ates  angular  effects  in  the  translational  measurements)  and  because  the 
vessel  motions  were  small  (Euler  angles  not  required). 

SEACON  position  measurements  were  taken  using  an  onboard  Mini- 
Ranger  system.  These  measurements  provided  information  on  the  anchor 
placement  and  recovery  positions  and  on  the  mean  and  slowly  varying 
displacements  of  the  SEACON  during  the  various  tests.  These  latter 
low-frequency/low-acceleration  measurements  were  taken  every  15  seconds 
and  later  combined  with  the  Systron-Donner  measurements  to  get  the  total 
SEACON  motions.  The  Mini-Ranger  measurements  were  taken  relative  to  a 
true  north-east  axis  system,  rounded  off  to  whole  meters.  These  data 
were  converted  to  an  NCEL  system  of  true  south-east  represented  by  X  and 
Y,  respectively,  with  an  origin  at  an  approximate  equilibrium  vessel 
position  for  the  four-point  mooring. 

The  U.S.  Army  Waterways  Experiment  Station’s  Field  Research 
Facility  (FRF)  helped  NCEL  collect  wave,  wind,  and  current  data  at  Duck, 
NC.  A  summary  of  these  data  is  presented  in  Reference  5. 

Two  Waverider  buoys  were  used  to  measure  wave  amplitudes  and 
direction  in  close  proximity  to  the  ship.  Their  location  relative  to 
the  vessel  and  the  data  collected  is  described  in  Appendix  A. 

The  FRF  measurements  included  wind  speed  and  wave  and  their 
directions.  Wave  amplitude  was  recorded  from  the  two  Waverider  buoys  by 
the  SEACON,  from  a  Baylor  wave  staff  mounted  at  the  end  of  the  FRF  pier 
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(1,800  feet  from  shore  in  a  water  depth  of  25  feet),  and  a  third 
Waverider  buoy  north  of  the  ship.  Wave  direction  was  determined  from  a 
radar-based  instrument  that  shows  wave  scatter.  A  wind  anemometer 
mounted  on  the  FRF  building  provided  a  secondary  source  of  wind  data. 

Three  self-recording  Neil  Brown  acoustic  vector  measurement  current 
meters  were  used  in  an  array  around  the  SEACON  as  shown  in  Figure  2. 

The  two  nearshore  meters  were  located  at  depths  of  14.5  and  29  feet 
below  mean  sea  level.  Measurements  of  current  direction  from  the 
farshore  meter  at  14.5  feet  could  not  be  used  because  the  factory  used 
an  incorrect  circuit  card  that  made  the  directional  data  invalid,  so 
only  the  nearshore  measurements  are  presented. 


TEST  SCHEDULE 

The  tests  were  scheduled  to  take  advantage  of  the  different 
environmental  excitation  levels  that  occurred  over  the  4-day  test 
period.  Table  2  summarizes  the  tests  and  environment  for  each  test  day. 
Tests  3  and  5  are  supporting  tests.  Test  3  will  be  used  to  confirm  the 
static  four-point  mooring  configuration  and  stiffness.  Test  5  will 
provide  information  on  the  steady  wind-induced  and  current-induced  loads 
on  the  SEACON.  Data  from  these  tests  will  be  used  to  validate  the 
static  simulation  capability  of  SEADYN,  which  must  be  known  before  the 
dynamic  simulations  can  be  made.  Appendix  B  summarizes  the  environ¬ 
mental  data  for  the  test  period. 


DATA  ANALYSIS 

A  number  of  analyses  were  performed  to  isolate  the  static  and 
dynamic  characteristics  of  the  mooring  responses.  The  particular 
analysis  chosen  for  each  test  and  the  associated  results  are  discussed 
in  subsequent  sections.  A  description  of  each  analysis  technique  is 
contained  here. 

A  time  domain  analysis  includes  statistical  and  probabilistic 
analyses.  The  statistical  analyses  determined  the  mean;  mean  (linear) 
slope;  root-mean-square  (rms);  and  maximum  values  for  tension,  dis¬ 
placement,  and  other  parameters.  The  probability  density  function  for 
selected  data  channels  was  calculated  and  is  presented  against  the 
corresponding  normal  distribution  for  each  sample  interval.  A  graphical 
display  of  sampled  data  versus  time  is  provided  to  allow  for  subjective 
analysis  of  the  data  quality  and  parameter  behavior. 

Frequency  domain  analyses  were  conducted  using  standard  spectral 
analysis  techniques  as  outlined  in  Reference  6  (and  others).  This 
information  includes  one-sided  autospectra,  frequency  response 
functions,  coherence,  and  phase  as  functions  of  frequency  (cycles/s). 

The  following  parameters  were  used: 

Sampling  period  =  0.5  s 

No.  of  samples  per  subrecord  =  1,024 

No.  of  subrecords  per  test  =  4 
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From  these, 

Frequency  resolution  =  0.002  Hz 
Nyquist  frequency  =  1  Hz 
Subrecord  length  =  512  s 


The  results  of  the  frequency  analysis  are  presented  on  graphs  using 
integer  frequency  bandwidth  increments. 

Three  types  of  analyses  were  conducted  for  the  four-point  tests  to 
identify  different  mooring  phenomena.  The  first  analysis  investigated 
the  characteristics  of  an  individual  channel,  such  as  its  mean  value, 
rms  value,  and  normality.  The  second  analysis  investigated  the  rela¬ 
tionship  between  two  directly  measured  channels,  such  as  wave  amplitude 
and  vessel  heave.  The  third  analysis  investigated  the  relationship 
between  two  derived  (calculated)  records,  such  as  the  wave  envelope  and 
net  mooring  forces.  In  some  cases  the  analysis  is  self-explanatory. 

The  significance  and  limitations  of  each  analysis  are  discussed  in  the 
subsequent  sections. 

Four-Point  Mooring  Dynamics  Tests 

The  four-point  mooring  configuration  with  anchor  position  and  line 
length  information  is  presented  in  Figure  4.  The  mooring  measurements 
were  taken  in  eight  separate  tests  between  1140  and  1740  on  15  November 
These  are  further  separated  into  four  "slack"  tests  and,  after  two  of 
the  line  lengths  were  shortened,  four  "taut"  tests.  Each  test  lasted 
about  one-half  hour.  The  tests  measurements  are  summarized  in  Table  3. 

The  excitations  were  sufficient  to  induce  all  the  mooring  phenomena 
under  study  but  not  large  enough  to  challenge  the  limits  of  the  models. 
The  wind  stayed  relatively  constant  at  17  knots  and  rotated  from  south¬ 
east  to  south-southwest  during  these  tests.  The  current  was  small  and 
from  the  north.  The  waves  contained  three  wave  trains--a  small  swell 
incident  from  the  northeast  (only  for  slack  tests);  fully  developed 
ocean  waves  that  were  initially  beam-on  from  the  east;  and  local, 
fetch-limited  storm  chop  initially  from  the  east-southeast  (see 
Figure  4).  The  latter  two  wave  angles  rotated  continuously  throughout 
the  four-point  tests  to  a  final  wave  direction  from  the  southeast. 

The  slack  moorings  were  excited  by  long-period  beam  waves  and 
shorter  period  quartering  waves,  while  the  taut  moorings  had  long 
quartering  and  shorter  almost  stern-on  waves.  This  provided  an 
excellent  range  of  excitation  frequencies  and  incident  angles  for 
validation  of  the  vessel  motion  models. 

Appendix  C  presents  sample  test  measurements  and  analyses  for  the 
four-point  test  series.  The  current  measurements  are  in  Appendix  B. 

Some  observations  regarding  these  tests  are: 

1.  The  significant  wave  height  for  all  tests  was  between  5  and 
6  feet,  with  fairly  equal  proportions  of  energy  between  the  open-ocean 
waves  and  storm  chop  in  each  test.  The  open-ocean  modal  period  was 
constant  at  10  seconds,  while  the  storm-wave  modal  period  increased  from 
4  to  5.4  seconds  between  the  first  and  last  tests.  The  incident 
direction  of  both  wave  trains  rotated  during  the  tests.  The  wave 
spectra  are  shown  in  Appendix  C. 
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2.  The  vessel  angular  response  stayed  constant  throughout  the 
tests,  with  a  mean  heading  of  343  degree-true  and  a  rms  yaw  amplitude  of 
8° 


3.  The  first-order  vessel  translations  had  average  significant 
amplitudes  of  0.5  foot  for  surge,  1.0  foot  for  sway,  and  1.0  foot  for 
heave.  Average  significant  angular  amplitudes  were  0.4°  for  pitch,  1.6° 
for  roll,  and  7.7°  for  yaw.  (The  yaw  measurements  were  made  from  time 
series  recordings  of  vessel  heading. ) 

4.  The  closest  wave  buoy  was  positioned  260  feet  (five  water 
depths)  away  from  the  SEACON  and  approximately  aligned  in  the  direction 
of  the  incident  wind  waves.  This  separation  distance  was  chosen  to 
avoid  data  contamination  from  waves  reflected  by  the  vessel.  The  wave 
time  series  data  measured  at  each  buoy  were  of  excellent  quality,  having 
little  or  no  noise  or  equipment  contamination.  The  autospectra  for  each 
buoy  is,  therefore,  also  of  excellent  quality.  Appendix  A  contains 
additional  information  on  the  wave  buoy  data. 

5.  Line  tensions  ranged  from  0  (slack)  to  about  75,000  pounds 
(maximum).  Tensions  were  not  normally  (Gaussian)  distributed  (see 
Figure  5). 

6.  The  amplitude  of  the  slowly  varying  watchcircle  was  20  feet  for 
the  slack  tests  and  15  feet  for  taut  tests. 

Static  Watchcircle  Tests 


A  series  of  tests  was  conducted  to  measure  the  static  watchcircle 
of  the  four-point  mooring  with  no  wave  effects  (i.e.,  slow  drift  or 
dynamic).  The  SEACON' s  propulsion  units  were  used  to  add  thrust  at 
various  levels  of  power  and  orientation,  and  the  net  mooring  forces  and 
vessel  displacement  were  calculated.  About  10  minutes  were  allowed  for 
the  mooring  to  come  to  equilibrium  after  the  vessel  thrusters  were 
applied.  This  information  was  used  to  determine  the  engine  thruster 
forces,  to  verify  the  measured  anchor  positions  shown  in  Figure  4a, 
and  to  validate  the  SEADYN/DSSM  static  equilibrium  calculations. 

The  entire  series  of  tests  lasted  2  hours.  The  environmental  loads 
were  fairly  constant  during  this  period.  Small  currents  of  0.1  knot 
came  from  the  northwest,  20-knot  winds  came  from  the  west  to  southwest 
directions,  and  small  waves  came  from  the  west  (2-foot  significant  wave 
height).  The  currents  were  measured  about  15  feet  below  the  surface  to 
avoid  wave  contamination  (see  Table  2);  no  data  were  obtained  on  the 
surface  currents. 

Test  results  for  the  engine  thrust  levels  are  summarized  in  Table  4 
and  plotted  in  Figure  6,  The  first  test  had  no  thrusters  applied  so 
that  the  environmental  forces  could  be  measured.  The  forces  from  this 
first  reference  test  were  then  subtracted  from  the  total  mooring  forces 
measured  in  the  other  tests  to  determine  the  forces  exerted  by  the 
engine  thrusters.  The  thruster  forces  are  tabulated  in  Table  4  under 
the  "Calculated  Thrust"  column.  Analysis  of  the  data  indicates  that  the 
average  50-percent  and  100-percent  thrust  values  are  5,600  and 
11,000  pounds,  respectively.  As  shown  in  Figure  6,  the  total  resultant 
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thrust  is  essentially  twice  as  large  in  the  longitudinal  directions 
compared  to  the  lateral  direction.  The  insert  in  Figure  6  shows  the 
position  of  the  thrusters  on  the  SEACON.  The  directional  dependency  is 
considered  due  to  wake  interference  effects  of  the  stern  thrusters. 

The  anchors  did  drag  throughout  the  test  period  as  evidenced  by 
both  the  Mini-Ranger  coordinates  of  installation  and  retrieval,  and  by 
the  Mini-Ranger  coordinates  of  the  vessel  during  the  various  tests  and 
the  known  line  lengths.  All  of  this  is  shown  in  figure  4a. 

The  most  direct  evidence  of  anchor  drag  is  seen  in  the  disparity 
between  the  installed  and  retrieved  coordinates  for  each  leg,  as  shown 
in  Figure  4b. 

Figures  4c  and  4d  illustrate  the  indirect  method  for  establishing 
the  anchor  coordinates  for  each  test.  For  this  check,  the  vessel  chock 
positions  are  established  from  a  given  vessel  position  (from  the  Mini- 
Ranger  data)  and  the  vessel  heading  (from  compass  readings).  Then,  the 
known  horizontal  line  projections  (radii)  are  added,  which  results  in  a 
locus  of  possible  points  for  the  anchor.  By  assuming  that  the  anchor 
dragged  in  a  straight  line  between  the  installed  and  retrieved  posi¬ 
tions,  an  estimate  of  the  anchor  position  can  be  made  for  each  test. 
Figure  4c  shows  this  process  for  the  4-point  dynamic  test  while  Figure  4d 
shows  a  reconstruction  from  the  static  watchcircle  tests  (note  the 
difference  in  the  arcs  for  both  stern  lines  between  Figures  4c  and  4d. 

The  lack  of  consistency  in  the  bow  port  anchor  coordinates  could  not  be 
resolved  better  than  that  shown  in  the  figures.) 

Single-Point  Mooring  (SPM)  Tests 

These  tests  were  conducted  with  negligible  waves,  small  current, 
and  a  strong  steady  wind.  These  quasi-steady  excitations  produced 
large,  oscillating  lateral  vessel  excursions  (fishtailing)  because  of 
the  strong  wind- induced  yaw  moment  caused  by  the  forward  location  of  the 
superstructure . 

The  SPM  test  configuration  is  shown  in  Figure  7.  Representative 
time  series  plots  of  vessel  heave,  wind  angle,  vessel  heading,  and 
hawser  tension  are  shown  in  Figures  8  through  11.  Figure  11  shows  the 
vessel  heave,  which  was  small,  typically  less  than  0.5  foot.  Wave 
grouping  can  be  seen  in  this  figure,  but  this  secondary  force  is 
negligible  due  to  the  small  wave  height  relative  to  the  vessel  size. 

The  wind  was  the  predominant  exciting  force.  The  wind  speed  ranged 
between  15  and  20  knots.  The  local  wind  angle  variation  (relative  to 
the  ship  centerline)  is  shown  in  Figure  9.  Over  the  duration  of  these 
figures  (9  minutes),  the  local  wind  angle  varied  between  300°  and  40°. 
Figure  8  is  a  time  series  plot  of  the  variation  in  the  vessel  heading, 
which  is  illustrated  in  Figure  7.  (Note  the  direct  correlation  between 
the  wind  angle  variation  and  the  corresponding  vessel  heading.) 

Figure  10  shows  the  hawser  tensions  that  occurred  while  the  vessel 
oscillated  from  side  to  side.  The  first  tension  spike  occurs  when  the 
bow  lateral  displacement  is  stopped  by  the  hawser.  The  vessel  center  of 
gravity  continues  to  rotate  about  the  bow,  until  it  overshoots  the 
relative  wind  angle  which  reverses  the  vessel  rotation.  The  oblique 
vessel/wind  angle  due  to  this  overshoot  presumably  results  in  additional 
longitudinal  and  lateral  drag  causing  the  second  tension  spike.  The 
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tension  remains  fairly  constant  as  the  vessel  swings  to  the  other  side. 
Another  tension  spike  is  seen  in  Figure  10  as  the  vessel  repeats  the 
cycle  just  described. 

Steady  Wind  and  Current  Load  Tests 

The  objective  of  these  tests  was  to  collect  data  to  allow  for 
evaluation  of  the  SEACON  wind  and  current  loads.  With  this  information 
SEACON  mean  and  slowly-varying  drift  forces  could  be  estimated  by  sub- 
tracting  these  wind  and  current  forces  and  yaw  moments  from  the  total 
mooring  forces  in  the  four-point  tests. 

Analyses  of  current-induced  loads  from  recent  tests  (Ref  7)  clearly 
show  the  sensitivity  of  the  lateral  force  coefficient  to  the  vertical 
current  shear.  Unfortunately,  the  shear  was  not  measured  in  the  MVE 
tests.  This  limits  the  usefulness  of  these  tests  and  requires  addi¬ 
tional  analyses  to  deduce  qualitative  information. 

The  data  and  analyses  for  these  tests  are  included  in  Table  5  and 
Figures  12  and  13.  The  lack  of  surface  current  measurements  was 
alleviated  with  the  following  procedure: 

1 .  Assume  that  the  lateral  current  force  coefficient  is  some 
unknown  (monotonic)  function  of  the  vertical  shear. 

2.  Assume  a  magnitude  for  the  surface  current,  which  defines  the 
vertical  shear  when  combined  with  the  measured  current  at 

15  feet;  iterate  for  coefficient-shear  pairs  for  each  test  so 
that  the  overall  function  is  continuous;  this  relationship 
calculated  for  these  tests  is  shown  in  Figure  13. 

3.  Examine  the  chronological  behavior  of  the  resulting  (calcu¬ 
lated)  surface  current  velocity  and  vertical  shear  for 
continuity;  refer  to  the  respective  columns  in  Table  5. 

Conclusions  from  this  analysis  are: 

1.  Chronological  examination  of  the  current  field  shows  good 
continuity,  establishing  that  this  procedure  was  valid.  Note 
that  large  variations  in  the  shear  are  expected  as  the  tide 
reverses  in  the  steady  wind  field. 

2.  Results  are  considered  constant  since  Reynolds  Number  (based 
on  twice  the  draft)  varied  from  1.3  to  2.3  x  106. 

3.  The  results  in  Figure  12  are  considered  excellent  in  a  qualita¬ 
tive  sense  and  clearly  show:  the  linear  relationship  between 
lateral  drag  coefficient  (C  )  and  normalized  vertical  shear 
(NVS),  the  limits  of  that  linearity,  the  symmetrical  nature 

of  the  relationship  for  positive  and  negative  shears,  and  the 
same  coefficient  value  for  uniform  flow  conditions  as  was 
found  in  the  results  presented  in  Reference  7. 
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4.  The  linear  slope  found  here  differs  from  that  found  in  Refer¬ 
ence  7.  However,  that  could  easily  be  a  consequence  of  the 
different  definitions  (depth  of  measurement  compared  to 
vessel  draft)  of  NVS  between  the  reports. 

5.  The  magnitudes  of  the  vertical  shears  inferred  in  these 
calculations  are  comparable  to  the  shears  reported  in 
Reference  7.  The  applicability  of  the  latter  results  to 
usual  mooring  design  problems  had  been  questioned  because 
of  concerns  that  the  topography  at  that  test  site  might 
have  amplified  the  shear.  Since  the  magnitudes  of  these 
shears  are  therefore  considered  representative,  then  the 
variation  in  the  coefficients  is  likewise  considered  as  an 
important  parameter  for  design  purposes. 


SUMMARY 


The  general  quality  of  data  collected  during  the  Mooring  Validation 
Experiment  was  good.  Sufficient  environmental  conditions  existed  to 
cause  significant  loads  and  displacements  in  the  various  mooring  configu¬ 
rations.  The  environmental  and  mooring  data,  presented  in  this  report, 
were  found  to  be  consistent  and  in  keeping  with  expected  values. 

four  test  series  conducted,  all  are  suitable  for  SEADYN/DSSM 
validation  purposes  except  for  the  single-point  mooring  tests  (which 
were  nonstationary).  In  those  tests  the  system  did  not  reach  a  steady 
equilibrium  position;  the  data  are  therefore  not  suitable  for  the 
small-displacement  frequency  domain  dynamics  used  in  the  SEADYN/DSSM 
analysis.  The  rest  of  the  MVE  data  will  be  used  to  determine  the 
validity  of  the  solutions  given  by  the  frequency  domain  analysis  method 
for  vessel  dynamics. 

The  SEACON's  thruster  forces  and  seakeeping  characteristics  were 
directly  measured  during  these  tests.  The  vessel's  thrusters  had  an 
average  50-percent  thrust  of  5,600  pounds  and  100-percent  thrust  of 
11,000  pounds,  with  the  longitudinal  thrust  about  twice  as  large  as  the 
lateral  thrust.  The  vessel's  natural  roll  period  was  measured  to  be 
6  seconds. 

The  trend  observed  in  the  steady  current  test  data  was  found  to 
qualitatively  agree  with  the  trend  found  in  similar  full-scale  tests 
reported  in  Reference  7.  In  both  cases  the  lateral  drag  coefficient  is 
a  function  of  the  vertical  current  shear. 
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Table  1.  MVE  Tests  and  Objectives 


Test 

Objective 

Static  Watchcircle 

-  Confirm  anchor  placement  measurements 

-  Validate  SEADYN/DSSM  static  equilibrium 
calculations 

-  Measure  SEACON  engine  thrust  vectors 

Four-Point  Mooring 

-  Measure  system  responses  in  slack  mooring 

-  Measure  system  responses  in  taut  mooring 

Single-Point  Mooring 
(SPM) 

-  Determine  vessel  characteristic  SPM  behavior 
(e.g.,  stability) 

Wind  and  Current 

-  Isolate  wind  and  current  loads 

-  Use  in  four-point  mooring  analysis  to 
isolate  drift  forces 
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Table  2.  Test  Schedule  and  Average  Environmental  Conditions 


Test3 

Date 

Test 

Wind 

Speed 

(ft/s) 

Significant 

Wave 

Height 

(ft) 

Current 

Speed 

(ft/s) 

1 

15  Nov  1984 

Slack  four-point 

29 

5.0 

1.6 

2 

15  Nov  1984 

Taut  four-point 

26 

5.5 

0.6-1. 6 

3 

16  Nov  1984 

Static  watchcircle 

16-33 

0-3.3 

O 

t— * 

1 

o 

ON 

4 

17  Nov  1984 

Single-point 

mooring 

33 

1.0 

0.6 

5b 

18-19  Nov  1984 

Chesapeake  Bay 
wind  and  current 

10-25 

0 

0-3.2 

aAll  tests  were  conducted  off  Duck,  NC,  except  for  test  5. 
Currents  in  test  5  are  due  to  tidal  flows. 
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Table  3.  Summary  of  MVE  Four-Point  Mooring  Data 


Parameter 

Slack  Mooring  Test  Number 

Taut  Mooring  Test  Number 

i 

2 

3 

4 

5 

6 

7 

8 

Time,  min 

31 

35 

35 

21 

34 

30 

33 

31 

Maximum  Wave  Height,  ft 

7.9 

9.4 

9.3 

8.8 

9.6 

9.6 

10.5 

9.3 

Significant  Wave  Height,  ft 

4.6 

4.9 

5.1 

5.2 

5.2 

5.5 

6.0 

5.4 

Mean  Wind  Speed,  kn 

17.5 

16.5 

16.8 

18.2 

15.8 

16.5 

15.8 

14.8 

Steady  Port  Bow  Line 

Tension,  lb  -mean 

630 

540 

490 

400 

9,120 

8,400 

8,400 

7,900 

9,700 

-rms 

710 

630 

570 

570 

11,100 

10,400 

___a 

-maximum 

1,180 

1,580 

930 

930 

18,300 

18,600 

19,400 

26,400 

Drift  Forces  Starboard  Bow 

Line  Tension,  lb  -mean 

17,200 

16,100 

10,100 

15,400 

9,300 

6,000 

5,700 

6,000 

4,500 

-rms 

23,000 

22,800 

14,300 

— 

— 

— 

6,700 

-maximum 

41,100 

44,900 

35,700 

35,900 

23,200 

20,100 

38,900 

19,000 

Port  Stern  Line 

Tension,  lb  -mean 

0 

0 

0 

0 

6,300 

5,000 

5,000 

5,300 

-rms 

0 

0 

0 

0 

12,300 

9,600 

— 

10,300 

-max 

40 

1,990 

1,900 

1,500 

39,000 

30,300 

37,700 

39,200 

Starboard  Stern  Line 

Tension,  lb  -mean 

24,300 

23,200 

16,100 

15,500 

13,300 

14,200 

14,800 

11,300 

-rms 

35,700 

35,900 

27,500 

26,600 

23,100 

— 

— 

19,300 

-maximum 

67,800 

73,300 

73,500 

70,500 

65,530 

66,500 

70,400 

48,200 

Roll  Amplitude,  ±deg 

-rms 

1.5 

1.5 

2-2h 

1.6 

— 

— 

— 

1.8 

-maximum 

5.1 

6.3 

7.2° 

5.5 

6.8 

6.3 

6 . 6 

6.0 

Table  3 .  Cont inued 


No  values  available, 
b 

Values  were  recorded  but  are  suspect. 


Table  4.  MVE  Static  Watchcircle  Data 


Test3 

Indicated^ 

Calculated0 

%  Total 
Thrust 

Indicated 
Thrust  Angle 
(°) 

Thrust  Angle 
(°) 

Thrust 

(lb) 

1 

0 

0 

0 

0 

2 

50 

0 

10 

6,300 

3 

50 

60 

65 

4,000 

4 

50 

90 

121 

4,400 

5 

50 

120 

155 

5,800 

6 

50 

180 

184 

7,700 

7 

100 

180 

182 

16,800 

8 

100 

120 

114 

7,400 

9j 

100 

90 

96 

8,700 

10d 

100 

60 

82 

9,700 

£ 

30  min  was  allowed  for  each  test  configuration  to  reach 
equilibrium. 

^Thrust  vector  relative  to  the  bow  as  indicated  by  vessel  equipment 
during  the  test. 

Q 

Calculated  from  the  measured  hawser  tension  vectors. 

^Line  parted  after  this  test  while  moving  to  next  position. 

Average  of  50%  thrust  measurements:  5,600  lb. 

Average  of  100%  thrust  measurements:  11,000  lb. 
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Table  5.  Wind  and  Current  Test  Data  and  Analysis 


Test 

Vessel 

Heading 

(°) 

Mooring 

l  Configurat] 

Lon 

Wind 

Current 

Calculations 

Hawser 

Tensions 

(lb) 

Local 

Hawser 

Heading3 

(°) 

Lateral 

Mooring 

Force 

Velocity 

(ft/s) 

Local 

Incident 

Direction 

(°) 

Velocity 
(14.5  ft) 
(ft/s) 

Local 

Incident 

Direction 

(°) 

Lateral 

Wind 

ForceC 

(lb) 

Lateral 

Current 

Force 

(lb) 

Coefficient-Shear 

Values 

C 

y 

NVS 

vf 

(ft/s) 

Bow 

Stern 

Bow 

Stern 

(lb) 

2 

337 

4,650 

5,680 

-10 

-35 

-4,060 

9 

no 

0.2 

-105 

460 

3,600 

1.6 

0.80 

1.00 

3 

336 

5,500 

6,850 

-10 

-45 

-5,790 

10 

no 

0.23 

-105 

560 

5,230 
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Figure  1.  SEACON  profile  and  lines  drawing. 
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Figure  2.  Location  of  MVE  Ocean  Tests. 
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Figure  4a.  Four-point  mooring  test  configuration. 
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Figure  5.  Four-point  mooring  line  tension  distribution. 


Figure  6.  MVE  Static  Watchcircle  Data. 
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Figure  7.  Single-point  mooring  test  configuration. 
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Figure  8.  Ship  heading  (deg)  vs  time  for  Single  Point  Mooring  tests. 
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Figure  9.  Relative  wind  angle  (deg)  vs  time  for  Single  Point  Mooring  tests. 
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Figure  12.  Wind  and  current  test  mooring  configurations  and  environmental  forces. 
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Figure  13.  Lateral  current  force  coefficient  vs  normalized  current  shear  for 
the  steady  wind  and  current  tests. 
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Appendix  A 
WAVE  MEASUREMENTS 


Two  Waverider  buoys  were  used  to  measure  wave  excitations  in  the 
immediate  vicinity  of  the  SEACON  at  the  Mooring  Validation  Experiment 
(MVE)  test  site  at  Duck,  NC  (see  Figure  A-l).  The  purpose  in  recording 
data  for  two  wave  buoys  and  the  mooring  system  was  to  measure  the  corre¬ 
lation  (and  coherence)  between  the  two  wave  buoys  and  between  a  wave  buoy 
and  the  mooring  system. 

Reference  6  describes  correlation  and  coherence  functions  as  follows. 

A  cross-correlation  function  of  two  random  time  history  records  describes 
the  general  dependence  of  one  set  of  data  on  the  other.  The  cross-spectral 
density  function  is  then  the  Fourier  Transform  of  the  cross-correlation 
function  and  is  generally  a  complex  number  (includes  phase  information) . 

This  cross-spectral  density  information  is  also  used  to  define  a  scalar 
(real-valued)  parameter  called  the  coherence  function.  The  coherence  is 
a  normalized  function  that  varies  between  0  (no  correlation)  and  1.0 
(perfect  correlation-deterministic) . 

Two  wave  buoys  were  used  to  allow  for  elimination  of  wave  translation 
effects  in  the  wave  buoy-system  frequency  response  function  calculations. 

The  coherences  between  the  two  wave  buoys  and  between  the  (closest)  wave 
buoy  and  the  mooring  system  were  calculated  from  the  time  history  records 
Theoretically,  the  coherence  between  the  two  wave  buoys  for  a  small- 
amplitude,  deep-water,  two-dimensional  wave  field  would  be  1 .  In  actuality, 
the  coherence  is  less  than  1  between  two  points  and  is  dependent  upon 
the  separation  distance  vector  (parallel  and  perpendicular  to  the  energy 
propagation  direction(s) )  and  wave  period.  There  is  also  a  system 
coherence  loss  between  the  wave  field  (at  the  vessel)  and  the  mooring 
responses  since  wave  energy  is  not  transferred  linearly  or  with  total 
efficiency  into  the  vessel.  The  calculated  wave  propagation  coherence 
is  assumed  stationary  (a  valid  assumption);  it  can  then  be  theoretically 
"subtracted*'  from  the  calculated  wave-to-mooring-system  coherence,  thus 
eliminating  effects  due  to  wave  translation  between  the  buoys  and  the 
vessel.  The  resulting  coherence  is  the  wave-to-mooring-system  coherence 
(e.g.,  vessel  response  amplitude  operators  (RAOs)). 

The  buoys  were  equally  spaced  from  each  other  and  the  vessel  and 
oriented  in-line  with  the  apparent  incident  wave  angle  and  the  vessel 
center.  This  placement  was  determined  from  the  results  of  a  previous 
Field  Research  Facility  (FRF)  test,  sponsored  by  the  Naval  Civil 
Engineering  Laboratory  (NCEL) ,  to  determine  the  spatial  coherence  of 
random  wave  fields  at  this  same  site  (Ref  9).  In  that  study,  approximate 
expected  coherence  values  between  two  sensor  positions  in  a  unidirectional 
wave  field  were  calculated  as  a  function  of  parallel  and  perpendicular 
separation  distance  relative  to  the  incident  wave  angle.  This  separation 
is  defined  in  Figure  A-2.  The  coherence  function  versus  nondimensional 
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separation  distance  for  unidirectional  wave  trains  at  this  site  is  shown 
in  Figure  A-3,  with  smoothed  contours  of  estimated  maximum-attainable 
coherence  added  to  aid  interpretation. 

Figure  A-3  shows  how  quickly  wave  coherence  decreases  with  separation 
along  the  crests  (Y)  compared  to  the  direction  of  wave  propagation  (X) 

This  demonstrates  the  importance  of  wave  buoy  placement  in  full-scale 
ocean  experiments  like  the  MVE .  The  buoy  orientation  of  the  MVE  was 
selected  to  keep  the  crest  separation  low  (buoys  oriented  in-line  with 
waves  approaching  the  vessel).  The  buoy-buoy  and  buoy-vessel  separation 
was  intended  to  be  equal;  Figure  A-l  shows  that  this  was  generally 
achieved.  This  finite  separation  distance  is  a  necessary  compromise 
between:  (l)  minimizing  the  distance  to  minimize  coherence  loss  (see 
Figure  A-3),  (2)  staying  far  enough  away  from  the  hull  to  avoid 
measuring  radiated  and  reflected  waves,  and  (3)  assuring  that  dynamic 
vessel  excursions  would  not  reach  the  buoy  and  damage  it. 

The  buoy  placement  has  two  important  consequences.  First,  the 
coherence  between  buoy  No.  1  and  buoy  No.  2  is  statistically  equal  to 
the  coherence  between  buoy  No.  1  and  the  undisturbed  waves  at  the  vessel 
(see  Figure  A-l).  This  is  based  on  the  standard  assumption  of  station- 
arity  of  the  wave  field  and  is  labeled  the  "wave  propagation"  coherence. 
Note  that  a  calculated  coherence  between  measured  waves  and  any  system 
response  to  these  waves  (e.g.,  heave  RAO)  is  actually  an  effective 
coherence  because  it  is  the  product  of  the  wave  propagation  coherence 
and  the  system  response  coherence.  Thus,  the  system  coherence  can 
theoretically  be  obtained  by  dividing  the  effective  coherence  by  the 
wave  propagation  coherence.  Figure  A-4  shows  a  typical  wave  propagation 
coherence  plot  from  the  MVE  test.  The  scatter  evident  in  Figure  A-4  was 
due  to  the  low  number  of  samples  per  test.  This  low  number  was  limited 
by  the  (angular)  nonstationarity  of  the  incident  wave  field.  This 
nonstationarity  and  the  superposition  effects  of  the  two  (or  more)  wave 
trains  limited  the  effectiveness  of  this  analysis  technique  (and  similar 
phase  corrections)  in  this  application.  The  consequences  of  these 
measurements  will  be  discussed  in  the  subsequent  validation  report. 

The  second  consequence  of  using  two  buoys  is  that  it  allows  for  a 
reasonable  estimation  of  the  incident  wave  field  directions  as  follows: 

1.  Calculate  the  theoretical  shoaled  wave  length  at  each  frequency. 

2.  Select  a  trial  wave  angle,  and  calculate  the  component  of  the 
parallel  buoy  separation  distance  (apparent  wave  length  for 
that  oblique  (relative  to  the  wave  direction)  buoy  placement). 

3.  Calculate  the  theoretical  phase  difference  for  that  frequency 
from  the  ratio  of  the  effective  to  actual  wave  lengths. 

4.  Compare  this  theoretical  phase  to  the  measured  phase;  iterate 
until  convergence. 


Figure  A-5  and  Table  A-l  illustrate  how  the  parallel  separation 
distance  is  calculated  for  several  incident  angles.  Table  A-l  lists  the 
theoretical  phase  difference  between  the  two  wave  buoys  for  various 
incident  angles  and  frequencies.  These  theoretical  phases  are  plotted 


A-2 


against  the  measured  phase  differences  in  Figure  A-6.  Figure  A-7  shows 
the  wave  autospectrum  for  the  same  test;  the  two  peaks  indicate  the 
presence  of  two  wave  trains. 

Figures  A-8a,  b,  and  c  are  plots  of  the  theoretical  minus  the 
measured  phase  for  three  trial  incident  wave  angle  pairs,  which  demon¬ 
strates  the  level  of  convergence  explained  in  step  4  above.  (Two  trial 
angles  are  specified  relative  to  the  110°  orientation  of  the  wave  buoys 
because  of  ambiguity  in  resolving  the  phase,  as  shown  in  Figure  A-5. 

Also  note  that  the  values  are  relative  to  the  zero  line — black  above, 
white  below.)  Inspection  shows  that  the  plot  for  70/150  wave  incidence 
(Figure  A-8b)  has  the  smallest  phase  difference  for  the  fully-developed 
wave  train,  indicating  an  incident  angle  of  150°  (true)  for  this  particu¬ 
lar  test.  This  agrees  well  with  the  measured  incident  angle  of  140°. 

(The  same  effect  occurs  for  an  incident  wave  angle  of  70°  (true),  but 
this  was  discarded  as  inconsistent  with  the  observed  wave  angle. )  For 
the  higher  frequency  wave  train  shown  in  Figure  A-7,  inspection  of 
Figure  A-8  shows  that  the  best  phase  agreement  corresponds  to  a  relative 
incident  angle  of  130  (Figure  A-8a),  which  is  also  in  good  agreement 
with  the  observed  incident  angle  of  140°.  Also  note  a  third  distinct 
wave  train  between  0.03  and  0.06  Hz,  corresponding  to  a  narrow  swell 
field. 

Summarizing,  the  information  from  two  wave  buoys  has  been  shown 
to  be  useful  if  not  necessary  for  proper  interpretation  of  full-scale 
stochastic  data  with  a  finite  buoy-system  separation.  This  simple  pro¬ 
cedure  was  used  to  identify  wave  angles  that  agreed  with  the  direct 
(radar)  measurements  and  observations.  It  is,  therefore,  concluded  that 
the  information  available  from  using  two  well-placed  wave  buoys  is  an 
interesting  and  worthwhile  addition  to  full-scale  testing. 


Table  A-l.  Theoretical  Phase  Difference  Between  Buoys  No.  1  and  No.  2 


Period 

(s) 

Afa 

55-ft  Depth 
Shoaled 

Wave  length 
(ft) 

Theoretical  Phase  Difference  (°) 
at  Incident  Wave  Angles  of — 

±5° 

±20° 

±40° 

±60° 

16.5 

31 

666 

129 

122 

99 

64 

11.1 

46 

426 

202 

190 

155 

101 

8.0 

64 

278 

310 

291 

238 

155 

6.5 

79 

202 

66 

41 

328 

214 

6.0 

85 

178 

123 

95 

12 

243 

5.6 

91 

158 

185 

153 

60 

273 

5.1 

100 

133 

287 

249 

138 

325 

4.7 

110 

110 

62 

76 

242 

33 

4.0 

128 

83 

317 

256 

78 

160 

^  1 
Graphs  list  frequencies  by  multiples  of  the  bandwidth  (Af  =  yyy  Hz). 

For  example,  for  f  =  0.10  Hz  =-|y^-Hz,  then  Af  =  51.2 
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TEST  1 


Figure  A-l .  Four-point  mooring  test;  waverider  buoys  location. 
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Figure  A -2.  Definition  of  parallel  (along-crest)  and  perpendicular  (down-crest) 
distances  for  two  simultaneous  incident  wave  fields. 
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x  =  distance  between  sensors  parallel  to  wave  direction 
y  -  distance  between  sensors  perpendicular  to  wave  direction 
L  =  wave  length 


Figure  A-3.  Nondimensional  coherence  coutours  for  shallow  water  (17  m). 
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COHERENCE  (NON-DIMENSIONAL) 


Note:  A  coherence  between  0.5  and  1.0  is  considered  significant. 


Frequency  (Hz) 


Figure  A-4.  Coherence  between  buoy-#l  and  #2  for  four-point  mooring  test  #4. 
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Buoy  1 


50°/170°  wave 


Figure  A -5.  Effect  of  wave  angle  incidence  on  phase  difference  between  wave  buoys. 
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Figure  A -6.  Phase  difference  between  Buoy  1  and  2  vs  wave  frequency  (lines  show 
theoretical  phase  difference  for  angle  of  incidence). 
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Figure  A-7.  Wave  buoy#  2  Autospectrum  for  four-point  mooring  test  #8. 
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Hxy  PHASE  FOR  TEST-#  3198  for  90/130  wave  incident 


Frequency  (Hz) 

Hxy  phase  FOR  TEST#  3198  for  70/150  wave  incidence 
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Frequency  (Hz) 

Hxy  PHASE  FOR  TEST #3198  for  50/170  wave  incidence 


Figure  A -8.  Difference  between  theoretical  and  measured 

phases  for  various  trial  incident  wave  directions, 
as  shown  in  Figure  A -5. 
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Appendix  B 


SUMMARY  OF  ENVIRONMENTAL  CONDITIONS  DURING  THE 
MOORING  VALIDATION  EXPERIMENT  AT 
DUCK,  NC  (taken  from  Ref  5) 


SUMMARY 


Between  14  and  17  November  1983,  the  SEACON  was  exposed  to  the 
following  conditions: 


Date  and 

Time 

Winds 

Waves 

Near-Surface  Current 

1700 

14 

Nov  - 

Light  (0.7  ft/s) 

Low  (1.3  ft) 

Large 

(1.6  ft/s) 

0200 

15 

Nov 

0200 

15 

Nov  - 

High  (33  ft/s) 

Medium  (4.9  ft) 

Large 

(1.6  ft/s)  to 

2400 

15 

Nov 

small 

(0.3  ft/s) 

0000 

16 

Nov  - 

Medium  (16  ft/s) 

Medium  (3.3  ft) 

Small 

and  variable 

1200 

16 

Nov 

1200 

16 

Nov  - 

High  (33  ft/s) 

Low 

Medium  (0.7  ft/s) 

1200 

17 

Nov 

INSTRUMENTATION 

Four  wave  gauges  were  used  to  measure  the  wave  field.  Baylor  staff 
inductance  wave  gauge  at  the  seaward  end  of  the  FRF  research  pier  and 
Waverider  buoy  wave  gauge  north  of  the  ship  (Figure  B-l)  provided  basic 
wave  height  and  period  data  throughout  the  experiment.  However,  to 
determine  the  wave  field  at  the  ship’s  exact  position,  two  other  Waveriders 
were  positioned  in  close  proximity  to  the  ship. 

Neil  Brown  acoustic  current  meters  were  placed  on  taut  wire  moorings 
about  1,000  feet  on  either  side  of  the  vessel  (Figure  B-l).  The  LARC-V 
was  used  to  deploy  the  moorings,  and  a  Zeiss  electronic  total  station 
was  used  for  positioning  the  craft.  At  the  primary  (nearshore)  mooring 
(water  depth  =  54.5  feet  mean  sea  level  (MSL) ,  one  meter  was  positioned 
at  a  depth  of  14.5  feet  MSL  and  a  lower  one  was  positioned  at  a  depth  of 
29  feet  MSL.  These  meters  were  designed  to  sample  current  speed  and  - 
direction  every  second  for  15  minutes,  determine  the  resultant  speed  and 
direction  for  that  15-minute  sample,  and  write  the  data  on  an  internal 
cassette  tape. 
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An  anemometer  on  the  FRF  office  building  provided  wind  speed  and 
direction  data ,  and  visual  observations  were  made  of  wave  direction 
(including  radar-measured  waves),  currents  at  the  pier  end  and  in  the 
breaker  zone,  and  other  oceanographic  parameters  (water  temperature 
visibility,  etc.). 


DATA  REDUCTION  AND  ANALYSIS 

Figure  B-2  shows  the  time  history  of  hourly  values  of  wind  speed 
and  direction. 

Data  from  the  pier-end  Baylor  gauge  and  the  Waverider  were  analyzed 
using  a  Fast  Fourier  Transform  analysis  routine,  which  yields  the  band 
spectra  (frequency  versus  percent  normalized  variance),  a  wave  height 
parameter  (four  times  the  standard  deviation  of  the  record),  and  the 
period  associated  with  the  maximum  energy  density.  Plots  of  the  wave 
height  and  period  time  histories  for  both  the  Baylor  and  Waverider 
gauges  are  shown  in  Figure  B-3. 

Cassette  tapes  from  the  Neil  Brown  current  meters  were  sent  to  a 
private  company  for  reduction.  Plots  of  the  time  histories  of  current 
speed  and  direction  at  the  two  nearshore  current  meters  are  shown  in 
Figure  B-4. 

Upon  return  of  the  data  printouts  to  the  FRF,  it  was  noticed  that 
directional  data  from  the  farshore  current  meter  did  not  agree  with 
those  from  the  nearshore  meters.  As  a  result  of  questions  posed  to  the 
leasor  of  the  equipment  regarding  the  proper  functioning,  it  was 
discovered  that  an  incorrect  circuit  card  had  been  emplaced  in  the 
farshore  meter  by  the  factory.  Although  the  speeds  indicated  on  each 
channel  were  correct,  the  directional  characteristics  could  not  be 
determined  from  the  data  because  of  uncertainties  in  the  meter's  orienta¬ 
tion  during  each  sample  run.  However,  if  the  current  direction  could  be 
assumed  to  be  identical  to  that  of  the  nearshore  meters,  and  the  meter 
orientation  remained  constant,  then  the  magnitude  could  be  determined. 
Such  conditions  occurred  only  between  1700  on  15  November  and  0800  on 
16  November. 


RESULTS  OF  ENVIRONMENTAL  MEASUREMENTS 

The  following  discussion  presents  an  assessment  of  the  forces 
affecting  the  ship  during  the  SEACON's  3-day  deployment  (1500  on 
14  November  through  1700  on  17  November  1983).  Since  winds  appear  to  be 
the  primary  factor  controlling  waves  and  currents  during  the  experiment, 
their  characteristics  will  be  addressed  first. 

Between  1500  on  14  November  and  0600  on  15  November,  the  wind  speed 
remained  constant  at  about  6.6  ft/s.  However,  the  wind  direction 
gradually  rotated  counterclockwise  from  due  north  on  14  November  to 
about  135°  (southeast)  by  1000  on  15  November.  Between  0600  and  1000 
the  speed  increased  drastically,  reaching  about  33  ft/s  until  2000.  The 
wind  direction  slowly  changed  from  135°  (southeast)  to  190°  (southeast), 
but  this  time  with  a  clockwise  rotation.  This  process  continued  after 
2000  as  the  wind  speed  gradually  diminished,  reaching  a  maximum  of 
300°  (west-northwest)  at  0600  on  16  November.  At  that  time,  the  wind 
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speed  began  a  gradual  increase  to  about  39  ft/s  and,  after  a  relatively 
rapid  shift  of  direction  to  about  270°  (west)  at  1100  on  16  November, 
the  wind  remained  out  of  the  west-northwest  for  the  final  24  hours  of 
the  experiment. 

Strong  winds  from  the  southeast  on  the  morning  of  15  November 
caused  rapid  development  of  wind  waves  such  that  by  noon  the  significant 
wave  height  had  reached  a  maximum  of  4.9  ft  (Figure  B-3) .  As  the  winds 
shifted  from  the  southeast  to  the  west,  wave  heights  decreased  almost 
linearly,  returning  to  their  prestorm  values  of  less  than  1.6  ft  by  2400 
on  16  November.  Wave  spectra  indicate  that  at  0700  on  15  November,  the 
wave  field  could  be  characterized  by  a  single-peaked  spectrum  (peak 
period  about  7.5  seconds).  Radar  wave  direction  observations  taken  at 
that  time  indicate  an  offshore  wave  approach  angle  of  45°  (relative  to 
true  north).  By  1400,  however,  two  wave  trains  were  evident  in  the 
nearshore  zone,  one  arriving  from  75°  and  the  other  from  105°.  The  75° 
train  appeared  to  have  the  most  energy  (about  15  percent  of  the  variance) 
at  a  period  of  about  11  seconds,  while  the  105°  train  contained  about 
9  percent  of  the  variance  at  a  period  of  about  5  seconds. 

At  1700,  only  one  train  could  be  identified  on  the  radar  image, 
approaching  from  an  angle  of  95°.  Corresponding  visual  observations  of 
incident  wave  angle  show  the  predominant  seas  from  140°.  It  is  con¬ 
cluded  that  the  radar  technique  missed  the  energy  from  this  direction 
because  the  wave  fronts  were  almost  parallel  to  the  radar  site  and 
showed  little  backscatter.  However,  wave  image  data  obtained  at  1900 
indicate  the  continued  existence  of  two  wave  trains,  with  peak  periods 
of  about  5.5  and  11  seconds.  It  is  concluded  that  the  long  swell  was 
incident  from  95°,  with  all  other  energy  incident  from  140°;  see 
Appendix  A  for  additional  wave  direction  estimates.  By  0100  on  16  November, 
as  wave  heights  began  to  decrease,  only  one  wave  train  was  evident  from 
the  spectral  output  (T  =  11  s),  a  situation  which  continued  throughout 
the  remainder  of  the  experiment.  The  visual  observations  indicate  that 
waves  on  the  morning  of  16  November  approached  from  an  angle  of  85°. 

The  current  patterns  indicated  by  this  data  set  are  extremely 
interesting  yet  quite  complex.  Since  the  ship's  mooring  system  precluded 
placement  of  the  current  meters  in  close  proximity  to  the  ship,  they 
were  moored  about  1,000  feet  on  either  side.  The  currents  at  the  test 
site  are  determined  by  interpolating  between  these  two  data  sets. 

The  data  shown  in  Figure  B-4  provide  current  speeds  and  direction 
at  the  nearshore  location  at  depths  of  14.5  and  29  feet  MSL.  Although 
most  of  the  data  from  the  farshore  meter  were  not  retrievable,  reliable 
estimates  of  current  speeds  for  the  15-hour  period  on  15  to  16  November 
indicated  that  the  currents  affecting  the  ship  should  be  adequately 
represented  by  the  data  from  the  nearshore  near-surface  meter. 

Between  1800  and  2000  on  14  November,  near-surface  current  speeds 
increased  rapidly  to  over  1.6  ft/s,  remained  relatively  constant  until 
about  0900  on  15  November,  and  then  decreased  rapidly  over  the  next 
6-hours.  Throughout  most  of  this  period,  currents  were  flowing  southward. 
This  agrees  well  with  the  dye  measurements  obtained  at  0700  on  15  November 
at  the  end  of  the  FRF  pier  and  in  the  midsurf  zone  under  the  pier,  which 
both  indicated  a  current  of  about  0.25  m/sec  directed  southward. 

The  time  period  between  noon  on  15  November  and  midnight  on 
16  November  appears  to  be  a  transitional  period  for  the  currents, 
apparently  in  response  to  the  rapidly  changing  wind  regime.  The  near¬ 
surface  current  speeds  were  relatively  low,  averaging  less  than  0.3  ft/s. 
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Some  tidal  forcing  is  indicated  in  both  meters'  speed  time  series,  with 
maximum  and  minima  at  the  expected  12-hour  spacing.  However,  the  direc¬ 
tional  data  show  peculiar  differences  during  this  time  period.  Between 
noon  on  15  November  and  0600  on  16  November,  the  nearshore  current 
varied  between  180°  and  80°  at  about  12-hour  intervals. 

In  comparing  the  near-surface  and  middepth  currents  at  the  nearshore 
site,  note  that  the  middepth  speeds  were  often  smaller,  while  the  direc¬ 
tions  were  generally  in  very  good  agreement,  except  during  the  transitional 
period  of  15  and  16  November. 

The  correlation  between  winds  and  currents  at  this  location  is 
rather  complex.  As  the  wind  speed  increased  and  its  direction  rotated 
counterclockwise  early  on  15  November,  the  current  direction  remained 
constant  with  depth  (southward).  However,  between  noon  and  midnight  on 
15  November,  as  the  wind  direction  rotated  clockwise,  currents  at  the 
surface  changed  direction  in  a  counterclockwise  sense,  while  those  at 
the  bottom  rotated  clockwise.  Such  a  difference  in  current  patterns 
over  such  a  small  vertical  distance  (about  15  feet)  is  extremely  puzzling. 

A  thorough  check  of  data  quality  shows  no  questionable  data,  so  it 
appears  that  a  shear  zone  existed  for  about  15  hours  between  the  15-  and 
30-foot  depths  at  the  nearshore  site. 
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Figure  B-l.  Relative  location  of  MVE  environmental  instrumentation. 
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Figure  B-2.  Time  history  of  wind  speed  and  direction,  FRF  building  anemometer,  14  - 17  November  1983. 
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Figure  B-3.  Time  history  of  current  speed  and  direction,  nearshore  array,  14-17  November  1983 
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Figure  B-4.  Wave  heights,  14-17  November  1983. 
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Gage  #620,  waverider  3.0  km  from  shore 
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Figure  B-5.  Wave  periods,  14-17  November  1983. 
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Appendix  C 

SAMPLES  OF  FOUR-POINT  MOORING  DATA 

Table  3  in  the  main  text  summarized  system  responses  and  environ¬ 
mental  excitations  for  each  of  the  four-point  mooring  tests.  However, 
these  responses  are  scalar  representations  of  complex  phenomena  that  are 
functions  of  incident  wave  angle,  wave  frequency,  and  combined  linear 
and  nonlinear  transfer  functions.  Accurate  simulation  of  these  phenomena 
is  the  true  goal  of  a  mooring  model  validation.  The  data  presented  here 
allow  for  isolation  of  many  of  these  phenomena. 

The  large  quantity  of  data  collected  in  the  Mooring  Validation 
Experiment  (MVE)  four-point  tests  (over  600,000  data  samples)  is  too 
large  to  include  in  this  report.  Likewise,  it  is  also  impractical  to 
include  all  the  analyses.  The  following  information  selected  for 
presentation  is  intended  to  be  representative: 

1.  Representative  time  series 

2.  Mini-Ranger  displacement  measurements 

3.  Wave  excitation  autospectra  measured  during  four-point  mooring 
tests 

4.  Wave  buoy  No.  1  and  No.  2  autospectra  for  the  same  wave  field 

5.  Representative  autospectra  for  vessel  motions  and  cable  tensions 

6.  Probability  density  functions 


The  time  series  graphs  in  Figure  C-l  are  self-explanatory  and 
include  appropriate  labels  and  units. 

Figure  C-2  shows  tabular  data  of  Mini-Ranger  measurements  for  both 
the  slack  and  taut  tests.  These  measurements  are  10-second  averages, 
representing  the  position  of  the  SEAC0N  main  mast.  The  two  columns  show 
east  and  north  coordinates  in  the  Mini-Ranger  axis  system. 

The  wave  autospectra  shown  in  Figure  C-3  are  plotted  in  feet  squared- 
second  versus  bandwidth  increments  (multiples  of  1/512  Hertz).  Hamming 
frequency  smoothing  (0.25,  0.50,  0.25)  was  used  in  addition  to  ensemble 
averaging.  The  normalized  error  (e)  in  the  autospectral  ordinates  is: 

e  . 

\  nm 
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where:  n  =  no.  of  ensembles 
=  4 

m  =  no.  of  averaged  frequency  increments 
=  3 

Substituting, 

e  =  0.29 


Two  distinct  modal  periods  occur  in  each  of  the  wave  autospectra,  and 
the  energy  between  them  is  relatively  low.  This  implies  that  the  wave 
trains  were  essentially  independent  of  each  other  (except  for  the  small 
overlap  section) . 

Figure  04  has  wave  autospectra  at  each  buoy  for  the  wave  field  in 
mooring  test  No.  8.  As  expected,  the  spectral  energy  between  the  two 
buoys  is  virtually  identical. 

Figure  05  has  response  autospectra  for  vessel  motion  and  cable 
tensions.  Units  are  feet,  degrees,  and  pounds  for  the  ordinates  (units 
squared-seconds)  and  bandwidth  increments  for  frequency.  The  normalized 
standard  error  is  0.29  as  with  the  wave  autospectra. 

Figure  06  includes  probability  density  functions  for  the  waves  and 
cable  tensions.  The  probability  density  functions  show  the  actual 
distribution  versus  the  equivalent  Gaussian  distribution  (identified 
as  *) .  Column  information  is:  intervals  in  12-bit  integers  as  sampled, 
where  2048  is  zero  and  each  sample  equals  0.0164  foot;  percent  of  samples 
in  each  interval;  and  number  of  samples  in  each  interval.  Values  in  the 
header  include  number  of  samples  (N) ,  mean  value  (XBAR) ,  and  root-mean- 
square  value  (SIGMA).  The  waves  are  Gaussian  as  expected.  The  tension 
probabilities  are  decidedly  non-Gaussian. 
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Figure  C-l.  Representative  time  series  sampled  data  from  the  MVE. 
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Notes : 

(1)  This  Mini-Ranger  coordinates,  in  meters,  were  set  up  such  that  Y  is 
true  North  and  X  is  East. 

(2)  The  Mini-Ranger  receiver  was  located  on  the  SEACON  main  mast. 

Figure  C-2.  Mini-Ranger  vessel  displacement  measurements  during 
four-point  mooring  tests. 
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Wave  autospectrum  for  Test  319 
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Figure  03.  Wave  excitation  autospectra. 
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Figure  C-4.  Wave  buoy  autospectra  and  coherence  functions. 
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Figure  C-5(a).  Stern  starboard  tension  autospectra  vs  frequency  (four-point  mooring  test  tt5). 
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Figure  05 (a).  Coherence  for  wave  spectra  and  stern  starboard  tension  (four-point  mooring  test  # 5). 
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Figure  C-5(b).  Vessel  surge  autospectra  vs  frequency  (four-point  mooring  test  #8). 
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Figure  C-5(b).  Coherence  for  vessel  surge  vs  wave  spectra  (four-point  mooring  test  #8). 
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Figure  C-5(c).  Vessel  sway  autospectra  vs  frequency  (four-point  mooring  test  #8). 
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Figure  C-5(c).  Coherence  for  wave  spectra  and  vessel  sway  (four-point  mooring  test  #8). 
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Figure  C-5(d).  Vessel  heave  autospectra  vs  frequency  (four-point  mooring  test  #5). 
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Figure  C-5(d).  Coherence  for  vessel  heave  and  wave  spectra  (four-point  mooring  test  #5). 
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Figure  C-5(e).  Coherence  for  vessel  pitch  and  wave  spectra  (four-point  mooring  test  #5). 


Figure  C-5(e).  Vessel  pitch  autospectra  vs  frequency  (four-point  mooring  test  #5). 
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Figure  C-6(a).  Wave  probability  density  function  (four-point  mooring  test -#5). 
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Figure  C-6(b).  Cable  tension  probability  density  functions 
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DRAVO  CORP  Wright,  Pittsburg,  PA 
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